In this work, different amines (bifunctional, as diazabicyclo[2.2.2]octane (Dabco) and monofunctional, as N-methylimidazole or trimethylamine) were utilized for the amination of benzyl chloride-grafted polystyrene-b-poly(butadiene)-bpolystyrene triblock copolymers (SBS-g-VBC). The use of Dabco solutions in mixture with variable amounts of monoamine or at different concentration allowed to modulate the degree of crosslinking of the SBS-based membranes and their electrochemical parameters. More specifically, tuning Dabco concentration permitted the reduction of water uptake without significantly affecting ionic conductivity.
Introduction
Increasing attention has been recently focused on anion-exchange membrane fuel cells [1] [2] [3] [4] [5] [6] [7] [8] [9] since they enable the use of first row transition metal catalysts which are intrinsically stable and show similar activity to platinum in alkaline media. [10, 11, 7, 12] In the last few years, new anion exchange polymers [7, 11, [13] [14] [15] [16] [17] [18] [19] and non-noble metal catalysts for oxygen reduction [20, 21] have been studied for the preparation of new membrane-electrode assemblies which allowed the development of high performance anion-exchange fuel cells. However, the current technologies of anion exchange membranes show several limitations for obtaining high ionic conductivity, chemical stability in strong alkaline media, low permeability to fuel crossover, low swelling in water and good mechanical properties.
In a recent paper, [22] our group developed new anion exchange polymers based on polystyrene-b-poly(butadiene)-b-polystyrene triblock copolymer (SBS) functionalized by free radical grafting of vinylbenzyl chloride. [23, 20, 24, 25] The resulting grafted chlorobenzylic moieties were then converted into anion exchange sites by quaternization with aliphatic diamines such as the 1,4-diazabicyclo[2.2.2]octane (Dabco) [26, 27, 6, 28] thus providing an anion exchange crosslinked membrane in the form of a thin sheet (50-100 mm). Bifunctional Dabco likely produces crosslinked structure (structure d in scheme 2) during the quaternization reaction (all SBS-based membranes were not soluble in solvents any more), thus preventing interconversion between conformers and limiting Hofmann degradation. [29, 30] Ionic conductivity (σ) and water uptake (WU) measured on SBS-based membranes were found to be positively correlated to the number of ionic exchange sites which are strictly depending on the amount of vinylbenzyl chloride moieties linked to the SBS backbone, also defined as functionalization degree (FD). [22] More specifically, simply tuning the FD of these membranes, ionic conductivities reached values greater than the commercial benchmark membrane (i.e., 9.2 mS·cm -1 against 7.3 mS·cm -1 , both in the HCO 3 -form at 30 °C), whereas water uptake exceeding 100 % were recorded. The combination of worthy ionic conductivity and the too large water uptake was addressed to the way in which vinylbenzyl chloride grafting on the SBS matrix occurs. In fact, assuming constant overall ion-exchange capacity, the ion-exchange group distribution is not fixed. During SBS functionalization, if vinylbenzyl chloride homopropagation is preferred over its uniform grafting on the SBS matrix, the resulting SBS-based membrane would have a clustered distribution of the ion exchange groups over the budadienic blocks (Scheme 1b), i.e. the charge would be unevenly distributed with local peaks of its density thus increasing the water uptake. Scheme 1. Random and clustered distribution schematics of ion-exchange groups in the SBS macromolecule.
In this work, in order to reduce WU without significantly affecting the ionic conductivities of membranes, the use of different amines (bifunctional, as Dabco, or monofunctional like N-methylimidazole and trimethylamine) or different concentrations of Dabco have been taken into account. These different reaction parameters were expected to affect independently the crosslinking degree and the cation concentration of the SBS-based membranes thus allowing to establish a direct connection of the electrochemical performances to the detailed molecular structure.
Results and discussion
9.1 mol% of benzyl chloride groups were grafted on polystyrene-b-poly(butadiene)-bpolystyrene triblock copolymer by radical functionalization in the presence of benzoyl peroxide. [22] After purification from oligomers of vinylbenzyl chloride which correspond to the 48 wt% of the crude functionalization product, the grafted -CH 2 Cl groups can be converted into quaternary ammonium ionic exchange sites. 
where Dabco% is the volumetric percentage of the 1M Dabco solution in methanol, used to prepare the amination mixture, and Dabco% + monoamine% = 100. Complete quaternization was actually obtained working at amine/-CH 2 Cl mol ratio of about 100 for all the amination solutions, as reveled by FT-IR spectroscopy ( Figure  S1 ): -CH 2 Cl wagging absorption at 1265 cm -1 disappeared for all the samples whereas new peaks at 1313 and 1058 cm -1 showed up, assignable to amine absorptions. Accordingly all the examined membranes obtained with amine/-CH 2 Cl mol ratio ~ 100 were expected to show the same overall amount of -N + R 4 groups. This was confirmed by IEC determinations giving the same value for all samples (Table 2) , within the experimental error (± 0.08 meq/g polymer ). Moreover, elemental analysis performed on the SBS-based membrane aminated with Dabco, consisted of 2.1 wt% of nitrogen which corresponds to the 0.75 meq of N/g of polymer, a value close within the experimental error to the calculated IEC of 0.82 meq/g polymer .
Tab. 2.
Ionic exchange capacities measured for the four (SBS-g-VBC) based membranes, after quaternization with methanol solutions containing different amounts of Dabco and N-methylimidazole, as reported in Table 1 .
9.1 0.82 SBS-g-VBC 75%
9.1 0.85 SBS-g-VBC 50%
9.1 0.83 SBS-g-VBC 25%
9.1 0.79
These results suggest that the introduced -N + R 4 sites are equally accessible through the hydrophilic domains of the SBS-g-VBC based membranes, regardless of the more constrained polymer structure for the presumably more crosslinked system when increasing the Dabco relative amount.
In Figure 1 , water uptake, expressed as weight percentage, showed a perfectly negative linear correlation when reported against statistical crosslinking percentage (x link ) at both 30 °C and 50 °C. Therefore, even though the x link % is a theoretical number, based on the arguable assumption of complete crosslinking by Dabco (see Scheme 2d), its relationship with water uptake measurements suggests that statistical and real crosslinking are correlated. The negative linear correlation between x link % and in-plane conductivity at 30 °C (Figure 2 ) was attributed to the lower mobility of bicarbonate or hydroxyl ions within the membrane when water uptake is reduced by the increased crosslinking. [31] A second strategy used to control the water uptake of the SBS-based membranes was founded on the variation of the molar fraction of Dabco relative to the amount of grafted benzyl chloride groups. [32] Five SBS functionalized films containing the same amount (9.1 mol%) of grafted benzyl chloride units were aminated with Dabco methanol solutions having concentration ranging from 0.07 M to 0.35 M. A sixth film was aminated using a trimethylamine solution (0.35 M in methanol) in order to obtain a crosslinking-free membrane.
Amine solutions used for the quaternization reactions are reported in Table 3 , along with ion-exchange capacities of the obtained membranes. Complete quaternization was again confirmed by means of FT-IR and 1 H NMR (for TMA quaternized membrane, Figure S2 ) spectroscopies. Also, IEC determination gave the same value for all the samples (Table 2) within the experimental error (about ±0.08 meq/g polymer ). These data confirm that the number of available quaternizing nitrogen groups in solution was, in the range of concentration investigated, in excess with respect to the SBS-grafted chlorobenzyl units. In-plane conductivity of 12 mS·cm -1 (30 °C, HCO 3 -form) and water uptake of about 300 wt% were measured for the membrane obtained by amination with trimethylamine (SBS-g-VBC 0). Comparison with SBS-based membranes aminated with different amount of Dabco (Figure 3 ) indicated that both water uptake and conductivities are positively correlated with Dabco concentration; indeed its decreasing (towards values still in excess with respect to the benzyl chloride units of polymer) limited the water swelling of the membrane likely due to higher degree of crosslinking. Contrary to the case where crosslinking was tuned by mixing Dabco with a monoamine, the way water uptake and conductivity increase with Dabco concentration are different. Indeed, while water uptake increases linearly, conductivity increases asymptotically to the value of 12 mS·cm -1 measured for the membrane aminated with pure trimethylamine (monoamine). For example, the membrane obtained using 0.21 M of Dabco instead of 0.35 M showed a decrease in water uptake from 144 to 110 wt% whereas ionic conductivity showed only a small loss from 9.1 to 8.1 mS·cm -1 .
These data evidence that tuning Dabco concentration, and therefore the crosslinking degree of the membrane, would result in a significant reduction of the water uptake flanked by a small loss in the mobility of the ion within the polymer matrix.
Finally, in-plane conductivities were measured in the range between 15 °C and 50 °C for the SBS-based membranes in the HCO 3 -form. These values were also correlated by means of an Arrhenius-like equation:
where σ HCO3 is the in-plane conductivity of the bicarbonate form, Ea is the activation energy, R is the universal gas constant and T is the absolute temperature. The calculated activation energies of the six membranes ( Figure 4 ) result of the same order of magnitude as for free ions in water solution (e.g., 14.6 kJ/mol for a 0.1M KCl solution), according to analogous ionic transport mechanism. A similar activation energy value (about 11 kJ/mol) was also obtained for the benchmark Tokuyama membrane.
[33] The decrease of the calculated activation energy by raising Dabco concentration is also in agreement with the reduction of the crosslinking degree.
Conclusions
Different amination strategies aimed to control the electrochemical parameters of SBS-based membranes functionalized with benzyl chloride groups were carried out. In a first attempt, the use of solutions obtained by mixing different amounts of Dabco (diamine) and 1M N-methylimidazole or trimethylamine (as monoamine) in methanol were used. The utilization of different composition of diamine/monoamine solutions in the amination process allowed the modulation of water uptake and ionic conductivity parameters since it affects the crosslinking between functionalized SBS macromolecules.
A second strategy was based on the variation of the molar fraction of Dabco relative to the fixed amount of grafted benzyl chloride groups during the amination procedure.
In this case both water uptake and ionic conductivity were positively correlated with Dabco concentration but following different routes: linear for water uptake and asymptotical for conductivity. This allowed to evidence that intermediate concentration of Dabco can produce a significant decrease of water uptake, probably associated to higher crosslinking, and a small reduction in ionic conductivity thanks to the similar ionic mobility.
Finally, in-plane conductivity measured at different temperatures (from 15 °C to 50 °C), with the same amount of free ions in water solution, decreased by raising Dabco concentration in agreement with the parallel reduction of the crosslinking degree.
Experimental part

Materials
All the solvents used were used as received or purified by standard procedures.
The SBS linear triblock copolymer (Calprene 501) was provided by Softer S.p.A. (Forlì, Italy) . The polymer is characterized by a butadiene/styrene ratio of 69/31 by weight, an average molecular weight of blocks of 9300-41400-9300, a content of the vinyl units in the butadiene block of 10 wt. % and a density of 0.94 g/cm 3 . The polymer was used after purification; about 4 g of SBS were dissolved in 60 mL of chloroform and precipitated into 600 mL of methanol. The procedure was repeated twice and the material was collected by filtration and dried under vacuum.
4-Vinylbenzyl chloride (VBC) (4-(chloromethyl)styrene, Aldrich, 90%) was purified by washing twice with 25% aqueous sodium hydroxide, and then thoroughly washed with distilled water until neutral. Finally the monomer was distilled at reduced pressure and stored under nitrogen over molecular sieves at -20 °C.
Benzoyl peroxide (BPO) (dibenzoyl peroxide, Luperox_A98, Aldrich, 97%) was purified by recrystallization from methanol.
1,4-diazabicyclo[2.2.2]octane (Dabco) (Aldrich, 98%
) and 2,6-di-tert-butyl-4-methylphenol (BHT) and trimethylamine water solution (Aldrich 45.0%) were used as received. 1-Methylimidazole (Aldrich, 99%) was purified by vacuum distillation (35 mmHg) and stored at room temperature.
Preparation of the anion exchange membranes -SBS functionalization reaction
The detailed synthetic procedure was reported in literature. [22] Briefly, in a glass cylindrical reactor equipped with a mechanical stirrer, 2 g of SBS was introduced under nitrogen atmosphere and dissolved in 9 mL of vinylbenzyl chloride (VBC, 9.747 g, 6.39·10 -2 mol). The 0.8 mol % of BPO with respect to SBS was then dissolved into 1 mL of VBC at 0 °C and added under nitrogen to the polymer solution and the resulting mixture was mixed at 80°C for 2 hours. The reaction was stopped after two hours and after cooling down to room temperature, the crude product was diluted with 80 mL of chloroform containing dissolved about 5 g of the free radical scavenger 2,6-di-tert-butyl-4-methylphenol (BHT) and recovered by precipitation in methanol as a white solid powder. The material was then soaked in acetone in order to remove from the functionalized polymer the amount of poly(vinylbenzyl chloride) (PVBC) obtained during the reaction. In order to remove the remaining PVBC traces, the material was then extracted with boiling acetone for 6 h and the residual product dried under vacuum and stored in the dark under anhydrous conditions.
-Amination of the functionalized SBS
The purified functionalized SBS with VBC units was dissolved in chloroform and poured in a Teflon ® Petri dish. 60-80 μm thick films were obtained after solvent evaporation was carried out under saturated chloroform air atmosphere at a temperature of 20 °C. Polymer film was then soaked in 100 mL of methanol solution of the tertiary amine (Dabco, NMI or TMA) and the reaction was carried out at 60 °C for 72 h. The unreacted amine present on the membrane surface was removed by washing with excess of water and methanol and then dried in a dessicator for 48 hours until constant weight.
Instrumentations and methods
-FT-infrared (FT-IR) spectroscopy analysis
Infrared spectra were performed with a Fourier transform spectrometer PerkinElmer™ Spectrum One on films cast from chloroform solution on a KBr window.
-1 H NMR spectroscopy analysis and evaluation of the functionalization degree Proton nuclear resonance spectra were recorded by using a Varian Gemini 300 MHz on 5-10% CDCl 3 (Aldrich, 99.8 atom % D) solutions. NMR spectra were registered at 20 °C and the chemical shifts (δ) were assigned in ppm using the solvent signal as reference. The fuctionalization degree of SBS was calculated as the mol of grafted VBC per 100 mol of repeating units of the polymer from the 1 H NMR spectrum ( Figure 5 ). [22] Being: δ = 7.1 and 6.5 ppm attributed to 5H of styrene and 4H of VBC Integral A; δ = 5.4 ppm attributed to 2H of 1,4 butadiene and 1H of 1,2 butadiene Integral B; δ = 4.9 ppm attributed to 2H 1,2 butadiene Integral C; δ = 4.5 ppm attributed to 2H -CH 2 Cl of VBC Integral D.
The relative contributions of each repeating unit were calculated as follows:
FD was then calculated according to equation (1):
-Size exclusion chromatography analysis
The SBS molecular weight was obtained by using the instrument as follows: Jasco PU-1580 equipped with Jasco 830-RI as Refractometer Index and two columns PL gel mixed C 5 m (polymer Laboratories). The analysis were performed onto chloroform diluted solutions (0.1 wt%). The calibration curve was realized with polystyrene standard samples.
-Elemental analysis
Elemental analyses were accomplished by the microanalysis laboratory at the faculty of pharmacy, University of Pisa.
-Characterization of the anion exchange membranes Deionized water (ρ≥10MΩ·cm) was used in all experiments. A multi-channel potentiostat/galvanostat, having an impedance channel and a 4A current booster (VMP3 from Bio-Logic SA) was used to perform electrochemical impedance spectroscopy measurements.
-Determination of the ion-Exchange Capacity (IEC)
The IEC of the polymer was determined by acid-base back-titration. A piece of the polymer film was activated in 1M KOH at 50°C for 30min in order to convert it to the OH-form. The piece was then washed using N 2 -degassed water and soaked for 30 min in a measured volume of a standardized HCl solution, where OH -from the polymer is neutralized. Excess of HCl was then titrated using standardized KOH. End-point detection was done by visual or potentiometric methods.
-Determination of the Water Uptake (WU) Dry weight (W dry ) of the polymer film was measured after 12h drying at 50 °C using a four-digits analytical balance. The film was activated in 1M KOH at 50 °C for 30 min in order to exchange its counteranions into the OH-form. Temperature control was ensured using a thermostatic oil bath. Wet weight (W wet ) was measured after conditioning in decarbonated DI water (ρ≥10MΩ·cm) at the envisaged temperature for 30 min. Before the weigh, excess of water was removed from the membrane surface using a humidified filter paper. Water uptake, as mass percentage, was calculated using equation (2) where wet film weight was averaged over 3 measurements.
-Determination of the in-plane (σIP) conductivity IP conductivity was measured in a Bekktech PTFE 4-probe flow-cell, assembled with a 5 cm 2 cell hardware supplied by Fuel Cell Tecnologies allowing in-situ AEM exchange to the OH -form (HCO 3 -form) flowing a 1M KOH (or 1M NaHCO 3 ) solution. This was followed by removal of the electrolyte excess via a continuous flow of N 2 -degassed water. A multi-channel potentiostat/galvanostat (VMP3 from Bio-Logic SA) was used to record electrochemical impedance spectra. 
